Measuring a single analyte in a highly absorptive microfluidic channel has always been a challenge. Even with a highly selective sensing layer, other chemical species can affect the interrogation of the analyte. Matching the evanescent tail with the sensing layer thickness is difficult in case of evanescent field sensing. The tail typically extends beyond the sensing layer, introducing noise and spurious errors in the measurement, which scales up with analyte concentration. In this work therefore, we propose the use of a simple multimode evanescent waveguide sensor that eliminates such common spurious effects. The proposed mode-selective sensing system exploits the sensitivity differences between the different guided modes in detecting the effects of the outer medium in the sensor response. The operation of the sensor device relies on the use of an asymmetric waveguide junction, which enable efficient separation of waveguide modes and therefore detection of their differences in behaviour. The proposed device is shown through simulations to achieve very small estimation errors below 5%, even for very high absorption coefficients of the outer medium of up to 80 times larger than that of the sensing layer.
Introduction
In the last decade, optical sensing has seen a rapid growth as it offers great advantages over other sensing technologies, such as immunity to electromagnetic interference, high selectivity and sensitivity [1] . In particular, lab-on-a-chip optical sensors have attracted considerable interest from the medical industry targeting the development of highly sensitive but low-cost portable devices. As a result, the integration of optical waveguide technologies with sensing elements and microfluidics onto low-cost platforms has received significant attention [2] . Several successful optical detection schemes have been implemented with such integrated waveguide sensors, based on different detection principles such as absorption [3] , interferometry [4] , spectroscopy [5] and plasmonics [6] . Absorption-based waveguide sensors are the most widely used devices as they are inherently simpler to fabricate and require low-cost light sources and detectors. Such sensors, unlike other common sensing elements such as Mach-Zehnder interferometers, microrings and gratings, do not require the fabrication of complex optical structures, which, in turn, require high-resolution fabrication processes and stringent alignment tolerances in the device assembly and packaging. Recent advances in polymer-based optical materials have enabled the formation of cost-effective multimode waveguides which can be directly integrated onto low-cost printed circuit boards (PCBs) using standard manufacturing and assembly methods of the electronics industry [2] . Recently, a PCB-integrated optical sensor based on the use of multimode polymer waveguides has been demonstrated for ammonia gas sensing. The optical waveguides are functionalised with chemicals dyes, creating a versatile absorption-based sensor that can be directly integrated with the detection electronics onto a low-cost PCB [3] .
Despite their simplicity, an important issue regarding the operation of evanescent-wave sensors is the fundamental trade-off between the thickness of the sensing layer and the measurement sensitivity. Relatively thick sensing layers (membranes, typically ∼1 m in thickness) exhibit increased sensitivity due to the large overlap of the evanescent field and the sensing area. However, they suffer from slow response and recovery times due to the increased diffusion time of the measurand molecules from the carrier medium (outer medium) into the membrane. In comparison, thinner sensing layers, such as self-assembled monolayers (∼10-100 nm in thickness), exhibit very fast responses but can suffer from spurious effects due to the presence of other chemical species in the carrier medium, as the evanescent field extends outside the sensing layer and interacts with these as well as the sensing layer (Fig. 1) . It has been shown that such the absorption changes in the outer medium can be as large as 50 times higher than the absorption changes in the sensing layer due to the presence of other (non-specific) chemical species. As a result, serious degradation in the evanescent-wave sensor operation can occur [7] . To overcome this issue, reference waveguides are typically deployed such as in interferometric sensors, in order to distinguish real from spurious sensor response. Here, we propose a novel method of tackling this issue in absorption waveguide sensors using asymmetric mode-selective Y-junctions.
Recent developments in data communications towards achieving higher-capacity optical links have created a renewed interest in mode-multiplexed optical waveguide systems, where different modes carry different streams of information [8] . Asymmetric waveguide Y-junctions have been proposed to be used both at the receiver and transmitter end in order to multiplex and demultiplex the different propagating modes and efficiently recover the different data streams transmitted. In the context of optical sensors, we propose for the first time the use of such structures in multimode evanescent-wave absorption sensors in order to overcome the spurious effects due to absorption changes in the outer medium and thus improve their operation and reliability. The proposed sensor device maintains the fundamental simplicity of multimode absorption sensors while overcoming this common issue with such devices. In the sections that follow, the design of the proposed waveguide sensor is presented and its operating principle is described (Sections 2 and 3). Simulation results are reported in Section 4 demonstrating that the device can efficiently detect the analyte of interest with an accuracy better than 95%, even in the case of a highly absorbing outer medium with an absorption 80 times greater than that of the sensing layer. Finally, Section 5 concludes the paper.
Waveguide sensor design
The schematic of the proposed absorption-based multimode waveguide sensor is shown in Fig. 2 for a 2-moded interrogation. It comprises of 3 sections: the input coupling section, the sensing section and the asymmetric Y-junction section. Similar devices enabling interrogation of larger number of waveguide modes can be implemented by deploying a larger-order Y-junction and are discussed later. The input section comprises a multimode waveguide which offers higher coupling efficiency and larger alignment tolerances at the device input than the commonly used single mode waveguides. The sensing section comprises the multimode waveguide functionalised with a sensing layer and includes the microfluidic channels that deliver the target analyte to the sensing area. The different waveguide modes propagating in the sensing section have an evanescent tail, which differs in probing depth and extends to a different degree in the sensing layer and outer medium. As a result, different waveguide modes exhibit a different sensitivity to absorption changes in the sensing layer and outer medium. Lower order modes, due to their increased confinement in the waveguide core, exhibit larger sensitivity to changes in the sensing layer, while higher order modes are more sensitive to absorption changes in the outer medium than lower order modes. The asymmetric Y-junction is appropriately designed to separate the waveguide modes at the corresponding waveguide outputs by matching the effective refractive indices of the guided modes in the transition area [8] . By monitoring the variation of the output power at the different output waveguides, the sensor response due to changes in the sensing layer and the outer medium can be decorrelated.
The number of waveguide modes that are employed in the device can be increased by employing higher-order asymmetric Y-junctions. Such higher-order multimode devices enable the use of larger waveguide dimensions at the device input and can therefore offer improved coupling efficiencies and alignment tolerances and more reliable sensor operation due to the simultaneous monitoring of larger number of interrogating modes. Examples of some higher-order asymmetric Y-junctions are shown in Fig. 3 . The design of such high-order mode junctions is a non-trivial process, as it requires precise matching of the effective indices of the waveguide modes in the input multimode section to the output single mode waveguides and an adiabatic transition between the two sections [8, 9] . Moreover, practical considerations restrict the use of such devices to few-moded junctions. It is shown that the required length for the adiabatic mode transition in the Y-junction dramatically increases with the number of arms, resulting thus in impractically long devices [9] , while the required fabrication tolerances for higher-order junctions also become very stringent as the number of arms increases. A practical way however to achieve higher-order devices consists of cascading feasible 2-moded Yjunctions [10] . Fig. 4(c) illustrates a 4-moded device implemented with two stages of 2-moded Y-junctions.
In order to assess the tolerances for the fabrication of such devices, a basic analysis has been carried out. The mode sorting efficiency of a 2-, 3-and a cascaded Y-junction is calculated when the width of one arm of the junction is offset by a small amount D w with respect to its ideal value (Fig. 3) . The offset D w is introduced in the smallest arm of each device as its mode coupling performance is more susceptible to the width changes. The results demonstrate that the use of cascaded Y-junctions can enable the formation of higher order mode sorters with more relaxed fabrication tolerances than large asymmetric Y-junctions. The fabrication tolerances of each 2-moded junction can be achieved with standard fabrication methods, while the total length of the device remains practical. As an indication of the required length, the coupling length for a 3-moded junction (Fig. 4b ) is found to be 15 mm, while the cascaded 4-moded junction (Fig. 4c) requires a tapered S-bend of only 10 mm for each two-branched Y-junction. In the simulation studies that follow, the performance of sensor devices employing a 2-moded (Fig. 4a) , a 3-moded (Fig. 4b ) as well as a cascaded 4-moded (Fig. 4c) junction is evaluated. More details on the design process of these junctions can be found in [9, 10] . By monitoring the variation of the output waveguide modes, the sensor response due to changes in the sensing layer and the outer medium can be de-correlated.
In this study, the performances of all three variants of these structures are evaluated in order to observe how the performance changes with increase number of interrogating modes. The design of such junctions is a non-trivial process, especially in the case of higher-order mode junctions. More details on the design process can be found in [9] .
Sensitivity analysis
The principle operation of the sensor device is described in this section, while a sensitivity analysis is carried out for each variant of the mode-selective sensor. For the purpose of this analysis, the target analyte is assumed to be glucose, as the glucose opto-chemical parameters are well known [12] . In order to study the sensor operation, the electrical field of the waveguide modes needs to be calculated as well as their corresponding absorption coefficients due to changes in the sensing layer and outer medium of the device. The complex effective refractive index of the propagating mode (n eff ) is given by the expression:
where n r eff is the real part of the effective refractive index which depends on the waveguide parameters and light wavelength, while K is the imaginary refractive index that depends on the absorption of the sensing layer and outer medium. The imaginary refractive index K can be evaluated using the absorption coefficient of the glucose at a given wavelength and its concentration based on Eq. (2). A change in analyte concentration translates into changes in the absorption coefficient of the waveguide modes [11] . The molar extinction coefficient (ε) or molar absorption coefficient (˛m) are used to describe absorption lines or bands and their typical values can be calculated from published data.
The value of ε is 14,000 M/cm at 530 nm (at 1 mM concentration) for a quinoneimine dye [12] . By using this parameter together with Lambert-Beer's law, the material absorption coefficient (˛m) can be found for different concentrations (C) of glucose. Both the real (n r eff ) and imaginary part (K) of the complex modal refractive index can change as a function of glucose concentration, but the deviation in magnitude of n r eff is negligible compared to K [11] . The analyte concentration employed in these studies ranges between 0 and 16 mM of glucose, which translates to a material absorption coefficient (˛m) between 0 and 500 cm −1 . A matching waveguide model is produced in Fimmwave/Fimmprop for each of the studied sensor devices (structures in Fig. 4a-c) . The waveguide core and cladding refractive index is assumed to be 1.510 and 1.513 respectively at 530 nm, matching siloxane polymer materials [2] . The sensing section length is kept constant at 5 mm for all the simulations, while the sensing layer thickness is chosen to be 200 nm, unless stated otherwise. The refractive index of the outer medium is 1.33 (water-based solution), while that of the sensing layer is 1.45 (typical for a protein recognition layer). The penetration depth of the evanescent field of the 2nd order mode in the sensing section is found to be ∼0.5 m due the small refractive index difference n of 3 × 10 −3 between core and cladding materials. The absorption of the sensing layer ˛ depends on the glucose concentration C and can be determined from Eq. (2), while the outer medium is assumed to have an additional absorption coefficient ˇ that can be varied between 0 and 100 × ˛. The case ˇ = 0 represents the ideal case where the outer medium does not exhibit any spurious absorption at the wavelength of interest and, therefore does not interfere with the sensor operation. On the other hand, the casě = 100 × ˛ corresponds to a "worst-case" scenario which can cause serious interference with the analyte concentration estimation. For each device studied, the waveguide modes are found using the Fimmwave mode solver and their corresponding propagation loss due to the absorption in the two layers is derived for the different values of ˛ and ˇ. Fig. 5 shows the variation of the output power for the two output arms of a 2-moded sensor as the function of the absorption coefficients of the sensing layer (˛) and the outer medium (ˇ). It can be seen that the lower order mode is slightly more sensitive to absorption changes in the sensing layer (larger slope) whereas the 2nd order mode is much more sensitive to the absorption changes in the outer medium.
From the above power variation plots, it can be observed that the power of each mode depends linearly (in logarithmic scales) on the absorption coefficients ˛ and ˇ of the sensing layer and outer medium respectively. As a result, the power of each waveguide mode at the sensor output can be easily expressed with simultaneous equations. Using the asymmetric waveguide junction, the optical power of each waveguide mode can be efficiently monitored, while the optical loss of each mode can be expressed as:
where A i is the total loss (in dB) of mode i, and S 1i and S 2i are the absorption coefficients of mode i to absorption changes in the sensing layer and the outer medium respectively. By measuring the power of each waveguide mode before and after the insertion of the analyte, the mode loss A i can be found and therefore, by solving Eq. (4), we can obtain the unknown absorption coefficients ˛ and ǒ f a particular sample by finding the least-squares solution of the equation:
The described analysis can be extended for higher-order sensor devices. The increase in the number of interrogating modes can further improve the detection process by increasing the size of the sensitivity matrix S. Eqs. (5) and (6) show the equations to be solved 
Simulation results
In order to evaluate the accuracy of the estimation method, the simulation model is run for different values of ˛ and ˇ for the three devices. The concentration of glucose at the sensing layer is assumed to be constant at 1.5 mM/l, while the thickness of the sensing layer is varied between 50 and 200 nm. The outer medium absorption ˇ is assumed to be a multiple M of the sensing layer absorption coefficient ˛, ranging from M = 0 which represents the ideal case of a non-absorbing carrier, to M = 110 which represents the extreme case of a very highly absorbing medium. For such a highly absorbing outer medium the spurious response of the sensor is expected to be very large. The simulation is carried out for each sensor device for each combination of the (˛, ˇ) parameters and the corresponding mode loss values A 1 and A 2 for each combination of (˛, ˇ) are obtained from the simulations.
The obtained A 1 and A 2 values are fed into the sensor analysis method described above, providing the estimatedâ andb values for the sensing layer and outer medium respectively. Fig. 5 shows the relative error ε 1 in the estimation of actual values of ˛ obtained with the model for the 2-moded sensor device for the different values of the absorption multiplier (M):
As shown in Fig. 6 , the estimation error is very low, which means the estimated valuesâ andb are very close to the real value of ˛ anď for the all thicknesses studied. The relative error for ˛ is below 2% even in the case of a highly absorptive outer medium with an absorption coefficient 80 times larger than that of the sensing layer with thicknesses larger than 100 nm. For a thinner sensing layer, such as in a self-assembled monolayer (∼10 s of nanometers), a slightly larger error of 5% is obtained up to an M value of 80 due to the increased effect of the outer medium. Overall, the simulation results indicate a small estimation error for all the thicknesses studied, demonstrating the immunity of the proposed sensor to spurious response due to absorption changes in the outer medium, even in the extreme case of presence of highly absorbing species.
For comparison, the operation of the multimode absorption sensor device without the mode-sorting junction is also studied. The structure of such a device is shown in Fig. 7 and it comprises only the input, output and sensing waveguide sections. For such a device, only the total power at the output of the device can be monitored due to the absence of the mode-sorting junction. As a result, the effect of the outer medium on the measurement cannot be distinguished. The absorption of the sensing layer a hat is estimated based only on the absorption coefficients S 1i of each waveguide mode to the changes in the sensing layer. For a two-moded device the benefits of the use of the mode-sorting junction in the sensor device.
An error estimation analysis similar to the one carried out for the 2-moded sensor, is performed for the 3 and 4-moded sensor devices shown in Fig. 4 . It is expected that the use of larger sensitivity matrices in the absorption estimation [Eqs. (5) and (6)] should provide an improved sensor performance for a larger number of interrogating modes. Fig. 8 shows the relative error in the estimation of the absorption coefficient ˛ as a function of absorption multiplier M for the different number of interrogating modes in the device. As expected, the higher-order devices offer an improved performance. The error in the concentration estimation drops from 10% to 6% for M = 100 (highly absorbing outer medium), as the number of interrogating modes was increased from 2 to 4. It has to be noted however, that if the spurious absorption of the outer medium does not exceed ∼40 times the absorption change in the sensing layer, similar quality low-error detection can be achieved with the 2-moded device which is simpler to fabricate.
Finally, the sensor enables the estimation of the material absorption coefficientb of the outer medium following the same process. The error in the outer medium concentration estimation can be described as:
It can be noticed (Fig. 9 ) that the estimation of the outer medium absorption is very accurate even for large absorption multipliers, while similar good results are obtained from all types of devices. 
Conclusion
In this paper, the use of a novel multimode evanescent-wave absorption sensor based asymmetric Y-junctions is proposed. The sensing layer is interrogated by more than one waveguide mode, which can then be separated to different waveguide output arms using an appropriately designed asymmetric Y-junction. The device offers immunity to the common problem of evanescent-wave absorption sensors due to the spurious absorption of the outer medium. By monitoring the behaviour of the different waveguide modes, it enables de-correlation of the real from the spurious absorption. Simulation studies are carried out on the basic waveguide sensor demonstrating that the device can accurately estimate the absorption changes in the sensing layer, even in the extreme case of a highly absorbing outer medium. Very small estimation errors below 5% are obtained for absorption coefficients of the outer medium which are up to 80 times larger than that of the sensing layer. The sensor performance is compared to the performance obtained from a reference absorption waveguide sensor without the asymmetric waveguide junction demonstrating the benefits brought by the proposed sensor structure. The detection accuracy is improved for higher-order sensor devices due to the larger number of monitored waveguide modes but at the increased cost of device length and reduced fabrication tolerances. The proposed devices have a strong potential for use in chemical, environmental and bio-medical sensing applications.
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